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Molecular dynamicsThe Mn4Ca cluster of the oxygen-evolving complex (OEC) of photosynthesis catalyzes the light-driven split-
ting of water into molecular oxygen, protons, and electrons. The OEC is buried within photosystem II (PSII), a
multisubunit integral membrane protein complex, and water must ﬁnd its way to the Mn4Ca cluster by mov-
ing through protein. Molecular dynamics simulations were used to determine the energetic barriers for water
permeation though PSII extrinsic proteins. Potentials of mean force (PMFs) for water were derived by using
the technique of multiple steered molecular dynamics (MSMD). Calculation of free energy proﬁles for water
permeation allowed us to characterize previously identiﬁed water channels, and discover new pathways for
water movement toward the Mn4Ca cluster. Our results identify the main constriction sites in these pathways
which may serve as selectivity ﬁlters that restrict both the access of solutes detrimental to the water oxida-
tion reaction and loss of Ca2+ and Cl− from the active site.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Photosystem II (PSII) is the enzyme that ﬁrst enabled the light in-
duced oxidation of water and reduction of plastoquinone in oxygenic
photosynthesis around 2.5 million years ago [2,7]. The ability of PSII
to tap into an abundant energy supply that ultimately powers most
forms of life is remarkable. Oxygenic photosynthesis gradually trans-
formed life on Earth enabling a diversity of life forms that was impos-
sible in anaerobic conditions. Yet, structural and mechanistic details
of this fundamentally important process are not well understood.
Challenges in crystallization of this large transmembrane complex
combined with the susceptibility of its catalytic site to radiation dam-
age during X-ray structure determination have slowed down progress
towards understanding this important process. PSII is an ~350 kDa
complex of 20 protein subunits embedded in the thylakoid mem-
branes of green plant chloroplasts, or internal membranes of cyano-
bacteria [29]. The heart of PSII's unique ability of direct solar water
oxidation is the oxygen-evolving complex (OEC), a Mn4CaO5 cluster
embedded in the D1 polypeptide and separated from the bulk lumenal
water by extrinsic protein subunits O, U and V. The catalytic mechanism
of oxidation of water in PSII is driven by light absorption. The absorbed
photon energy is used to oxidize the photochemical reaction center,
chlorophyll P680. The oxidized P680+• then oxidizes a tyrosine residue,
YZ, which in turn oxidizes the OEC. For each water oxidation event PSIImean force; SMD, steered mo-
; fax: +1 905 6881855.
rights reserved.must sequentially absorb 4 photons and the OEC cycle through ﬁve
intermediates (S0 to S4) [13,17]. The S4 state has the highest oxidation
potential, sufﬁcient to oxidize water.
As theMn4Ca cluster is buriedwithin PSII, protein channels allowing
substrate water access to the active site, and release of the products of
the reaction (oxygen and protons) had been postulated before the
advent of PSII X-ray structures [1,34]. Water channels were suggested
to be important for optimal binding and orientation of the substrate
water aswell as for restricting the access of unwanted solutes and reac-
tions associated with excessive amounts of water [34].
The elucidation of the structure of PSII [5,16] gave the ﬁrst insights
into details of water conduction. Channels for water entrance, and
proton and oxygen exit, were identiﬁed in a number of computational
studies identifying internal solvent accessible surfaces found within
the crystallographic structures of PSII [6,9,19]. A signiﬁcant limitation
of these studies, based on the crystal structures of PSII, is that only
one particular static conformation of the protein complex is considered.
This is a physically unrealistic picture as proteins and the channelswith-
in them are dynamic at physiological temperatures. Conformational
changes of the protein continuously modify channel networks and
may lead to transient opening and closing of some pores [4,8]. To over-
come this limitation a molecular dynamics (MD) simulation of a PSII
core complex in the presence of explicit solvent water molecules was
previously performed to identify channels from a dynamic point of
view [32]. That work identiﬁed a system of branching pathways of
water diffusion in PSII leading to the OEC and connecting to a number
of distinct entrance points on the lumenal surface. In addition, transient
changes in connections between channels and entrance points that
served to moderate both the ﬂow of water near the OEC and the
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[32]. Those results supported the idea that regulatory mechanisms
could exist to control water ﬂow or access to the Mn4Ca cluster.
Despite the fact that both static and dynamic channels have previ-
ously been identiﬁed, the energetics of water conduction in PSII has
not yet been studied. In addition, the relatively low resolution of
X-ray crystallographic structures (with the largest uncertainty in
the structure of the catalytic site and its immediate environment)
up to date has not allowed reliable identiﬁcation of water perme-
ation pathways near the OEC. Therefore, the fundamental questions
remain: does PSII preferentially employ a single pathway or a multi-
tude of routes to optimize the water uptake process and do energetic
barriers exist which may serve to control water access to the OEC?
The most recent PSII structure at 1.9 Å resolution, suggests a cu-
boidal structure of the Mn4Ca cluster similar to previous models,
although with a different ligation scheme in which Ca2+ is bridged
to Mn centers by the carboxylate moieties of D1-D170 and D1-A344
[15,29]. In addition, binding sites for two Cl− ions have been found
in the vicinity of the Mn4Ca cluster. This new structural information
forms the basis of the present classical molecular dynamics study fo-
cused on identiﬁcation and energetic characterization of water path-
ways leading to the catalytic site of the OEC. Potentials of mean force
(PMFs) for water permeating through PSII extrinsic proteins were
obtained by using the technique of multiple steered molecular dy-
namics (MSMD). The calculation of free energy proﬁles for water per-
meating along the channels has allowed us to identify the main
constriction sites which may serve as selectivity ﬁlters restricting
both the access of solutes detrimental to the water oxidation reaction
and the loss of Ca2+ and Cl−.2. Methods
2.1. Molecular dynamics simulations
Simulation setup was similar to that described in [32] with modi-
ﬁcations based on the new 1.9 Å resolution X-ray structure of the PSII
core complex [29]. The simulation system included all protein sub-
units of the ﬁrst PSII core complex monomer from PDB ID: 3ARC.
The following modiﬁcations were applied. Crystal water was kept
and additional water molecules were added using the DOWSER pro-
gram [36]. The protocol used by the DOWSER program was to place
water in internal cavities, relax them to minimize their interaction
energy, and ﬁnally to select and retain only water molecules with in-
teraction energies below−12 kcal/mol. The threshold water–protein
interaction energy was set to this value which had previously been
found to be optimal for distinguishing hydrated cavities from empty
cavities [36]. The MD simulations were done with NAMD 2.8 [14]
and performed with periodic boundary conditions at constant pressure
(1 atm) and temperature (300 K) using Langevin dynamics with Nosé–
Hoover Langevin piston pressure control. The long range electrostatic
interactions were calculated using the particle-mesh Ewald algorithm.
Both the electrostatic and the Lennard–Jones interactions had a twin-
range cutoff of 10/12 Å. The AMBER ff99SB force ﬁeld [33] with modiﬁ-
cation of the ϕ/ψ dihedral parameters as in [25] was used for protein
and the GLYCAM-2000a force ﬁeld [3] was used for the headgroups
of galactolipids. The force ﬁeld for cofactors was based on the parame-
ters described previously [31]. Only nonbonding interactions between
atoms in the OEC were included. OEC atoms and distances between
OEC and its ligands were constrained with internal bond constraints
with force constant 2 kcal/(mol·Å2). The protein alpha carbons were
constrained to their X-ray crystallographic positions with a force con-
stant of 2 kcal/(mol·Å2). The system was equilibrated for 2 ns before
production runs. The entire system including the PSII complex, the
membrane patch and TIP3P water contained approximately 320,000
atoms. MCCE2.4 [26] was used to sample the ionization state of eachprotein residue. Protonation states were kept ﬁxed in molecular dy-
namics simulations.
To facilitate identiﬁcation of water pathways we performed addi-
tional simulations where water permeation was accelerated by con-
tinuous injection of water molecules near Ca2+ or Mn(4), which have
been suggested as binding sites for two substrate water molecules, w1*
andw2*, respectively [28]. In each of these simulations one water mole-
cule was injected every 50 ps over the total simulation time span of
20 ns. Each injection of a water molecule into PSII created a small over-
pressure, facilitatingwater displacement from themiddle of the protein
towards the bulk solvent. Thus, the response of the system to periodic
injection of new water molecules served as a driving force for water
ﬂow. Injection of each water molecule breaks the energetic continuity
of theMD trajectory. Tominimize perturbation of the overall systemen-
ergy all Lennard–Jones and electrostatic parameters of the injected
water molecule were scaled down and the injection point was adjusted
to maximize the distance between the injected water oxygen and its
nearest neighbors. After injection, the energy of the insertedwatermol-
ecule was minimized while the rest of the system was kept frozen. To
allow uninterrupted continuation of the MD trajectory, velocities of all
frozen atoms in the system were retained, and the velocity of the new
water molecule was set to zero. The simulation system was then grad-
ually transferred to a new level of energy by growing the injected
water atoms back to full scale parameters in 3 steps over 15 ps. The
total number of injected water molecules was 400 for each simulation.
The increased water content could lead to structural changes in the
PSII protein matrix. To evaluate these potential artifacts we determined
the increase ofwater content, compared the rate ofwater injectionwith
the rate of water exiting PSII and evaluated structural changes. We
found that after approximately 7 ns of continuous injection the water
content inside the PSII complex stabilized. From this point on there
were 35% more water molecules within PSII as compared to the initial
state (see Fig. S1). After approximately 16 ns of continuous water injec-
tion the rate ofwater exit approached the injection rate and the simula-
tion reached stationary state (see Fig. S2).
The streamline tracking technique as described in our previous
work [32] was used to visualize the movement of individual water
molecules within PSII in these induced water ﬂow simulations.
2.2. Multiple steered molecular dynamics calculations
We used multiple steered molecular dynamics (MSMD) to calcu-
late the energetics of water permeation through PSII. In our MSMD
simulations, water permeation was accelerated by the application of
an external force which allowed us to construct potentials of mean
force (PMF) for an individual water molecule as it moved through a
channel. This approach has been shown to be as efﬁcient as tradition-
al umbrella sampling; however, it has the advantage of uniform sam-
pling of a reaction coordinate which is particularly beneﬁcial when a
PMF contains narrow barrier regions [20].
Each channel to be studied was divided into several straight seg-
ments. The pulling force was applied to a water molecule in the direc-
tion of the segment. Water was pulled from the bulk surface toward
the OEC. To prevent lateral displacement, the water molecule was
constrained to a cylinder with radius 2.5 Å along the segment axis.
The spring constant was adjusted so that the position of the pulled
water closely followed the constraint center. In most cases a con-
straint force of 10 kcal/(mol·Å2) was sufﬁcient.
We performed an initial “fast” set of simulations to obtain ﬁrst im-
pressions about the energy barriers for water permeation through a
set of 21 full channels leading from bulk water to the OEC and 11 par-
tial channels which either branched off a main channel or connected
two main channels. See Results for details on channel identiﬁcation
and selection. Each channel was divided into several intervals. The
total number of MSMD intervals including partial channels was 138,
their cumulative length was more than 60 nm. In the initial set of
Fig. 1. Trajectories of injected water molecules within PSII MD simulations. See Sec-
tion 2.1 for details. Water molecules injected in PSII at one side of the OEC (near
water binding site w1*) are shown by blue spheres and water molecules injected at an-
other side of the OEC (near water binding site w2*) are shown by orange spheres. View
is from the stromal side approximately along the normal to the membrane (Z-axis).
Membrane is in the XY plane. Protein above the OEC is clipped for clarity. In the
zoomed window the locations of the binding sites w1* and w2* as well as the OEC
atoms, Mn(1), Mn(4), and Ca2+, are shown. Mn numbering as in PDB ID: 3ARC. Seg-
ments of PSII polypeptides O, U, V, D1, D2 and CP43 are shown in colored cartoon for-
mat. The locations of water channels 1, 2, 4A, 4B, 5 and X (see text and Table 1 for
details) are shown.
Table 1
Comparative channel nomenclature.
This work 1 2 3 4A 4B 5
Gabdulkhakov
et al. [6]
D,
(C)
E,F G B1 B2 A1,A2
Ho and
Styring [9]
– “Narrow” Partial
overlap with
“broad”
“Large
channel
system”
“Large
channel
system”
“Back”
Murray and
Barber [19]
iii – – ii ii i
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of the channel of study with a constant velocity of 0.1 Å/ps. When an
energy barrier or bottleneck was found in any of the studied channels
we attempted to ﬁnd a better pathway in the vicinity of the permeation
barrier. From the initial set of 21 channels, permeation of water re-
quired an activation energy b15 kcal/mol in only 5 channels. All other
considered channels had activation energies >20 kcal/mol.
The ﬁve channels with free energy barriers for water permeation
b15 kcal/mol were selected for more accurate PMF determination
(see Discussion section for justiﬁcation of this cutoff value). Using
these ﬁve selected channels the second set of simulations was per-
formed. In this second set of simulations a water molecule was pulled
along each of the segments of the channels with a constant velocity of
0.01 Å/ps. The process was repeated 15 times for each channel. Statis-
tical errors were calculated using bootstrap analysis. Complete PMFs
of each channel were constructed N times by randomly selecting seg-
ments from all 15 available simulations. Bootstrapping was done 100
times, yielding 100 PMFs for each channel from which the average
and standard deviations were calculated. The ﬁnal equilibrium free en-
ergy proﬁle across the channel was calculated from an ensemble of in-
dependent irreversible simulations, employing the Jarzynski identity
[12], according to which the effective PMF Geff(r) was calculated as:
exp −
Geff rð Þ
kBT
 
¼ 1
N
XN
i¼1
exp
−Gi rð Þ
kBT
 
;
where r is the distance along the channel, kB is the Boltzmann constant,
T is the simulation temperature (300 K), andN is the number of simula-
tions (in our bootstrapping N=100). All PMFs were calculated from a
total simulation time of 220 ns. The uncertainty in PMF calculations is
displayed in the bottom panels of Figs. 2–5 as gray area around the
PMF line.
3. Results
3.1. Identiﬁcation of water pathways
The OEC of PSII is buried deep inside the multi-subunit complex
but there is no specialized polypeptide for substrate permeation. All
previously proposed water channels are located along the interface
of two or more subunits [32]. The structural complexity of the PSII
core complex combined with the absence of a specialized substrate de-
livery polypeptide complicates the identiﬁcation of water pathways.
We performed an exhaustive search of potential water channels
using a variety of methods. We initially considered channels suggested
previously by examination of internal solvent accessible surfaces [8,9]
and tracking diffusion in MD simulations [32]. We then performed
two new MD simulations in which water permeation was accelerated
by continuous injection of water molecules near Ca2+ or Mn(4),
which have been suggested as binding sites for substrate water mole-
cules [28]. Most of these new water molecules permeated PSII all the
way from the OEC to the bulk solvent, see Fig. 1 and Section 3.2. We
used the streamline tracking technique [32] to visualize the movement
of individual water molecules within PSII in these induced water ﬂow
simulations. In addition, we examined internal solvent-accessible sur-
faces and tagged small gaps in continuity of solvent-accessible surfaces
for subsequent permeation analysis.
This combined approach revealed 21 complete channels leading
from the bulk water to the OEC and 11 partial channels, all of which
were then subjected to determination of PMFs for water permeation.
3.2. Following the movement of water molecules injected at the OEC
Representative MD trajectories of water molecules injected near
the substrate water molecules are shown in Fig. 1 and are availableas an animation Video 1 online. Please see Table 1 which provides a
list of comparative channel nomenclature. Initially, the water mole-
cules were injected near the w1* binding site. These water molecules
were observed to move from the OEC into a large pool of water in
the middle of the protein complex and then exit from this pool
along 5 channels. Water molecules permeating these channels are
depicted in Fig. 1 by their blue color. Water permeation pathways
were similar to water streams in the previously identiﬁed “large
channel system” and “back” channel [32] with some variations close
to the surface of the protein.
Water molecules were then injected near the w2* binding site. The
trajectories of these water molecules are shown in Fig. 1 in orange. In
this case injectedwatermolecules exited PSII along 3 channels. Channel
2 matched the previously described “narrow” channel [8,9]. Channel 1
matched a previously suggested proton exit channel [11]. Channel X
Fig. 2. Top: Snapshot of MD simulation showing channel 1. Water molecules inside the
channel are represented in licorice. MSMD intervals of channel 1 are marked using a
yellow or red dotted line: intervals 3 and 5 with activation energies above ~5 kcal/mol
are shown in red and intervals 1, 2 and 4 with activation energies below 5 kcal/mol are
shown in yellow. Selected protein residues involved in the channel formation are labeled
and shown using stick representation. Bottom: Potential of mean force G(r) for water
permeating through channel 1. The shaded area represents the uncertainty in G(r). r=0
corresponds to the protein/water interface, see Methods for details.
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only 20 Å. It originates in a cavity formed by CP43, D1 and PsbO proteins
(near D1-N108 and PsbO-R73), and then continues to the OEC along the
interface between D1 and CP43. It involveswater permeation through a
bottleneck formed by CP43-L337, -M342, -M356 and the backbone of
D1-G62. We measured the travel times for water molecules moving
through the three channels described above and found a relatively
wide distribution with a peak around 2 ns, see supplementary Figure
S5.
Thus, in our simulations, water molecules injected near OEC (w1*
and w2*) permeated through all previously identiﬁed channels with
the exception of the “broad channel” [9]. One new water permeation
channel was found, channel X, and a channel primarily characterized
as a proton exit channel, channel 1, was shown to carry water. In our
simulations, distinct and multiple diffusion pathways converge to-
wards the active site forming funnel architectures. Our results sup-
port the hypothesis that permeation of water in PSII does not follow
a single speciﬁc route.
Interestingly, in our simulationswatermolecules injected on one side
of the OEC (w1*) did not permeate to the other side (w2*) supporting the
previous suggestion of two separate water pathways leading to the OEC
[27]. To investigate this aspect further, we looked in detail at the 21
full channels and 11 partial channels, identiﬁed above in Section 3.1, to
ﬁnd all possible connections between the two “sides” of the OEC. We
found 11 such connections and for each one we calculated the PMF,
as described in Methods, to determine the activation energy required
to move water molecules from one side of the OEC to the other. All of
these pathways had activation energies >20 kcal/mol, making them
effectively impermeable to water.
3.3. The energetics of water permeation through channels leading to the
w2* binding site at Mn(4)
3.3.1. Water permeation through channel 1
Channel 1 is shown in Fig. 2 and is known as the “proton exit
channel” [11], or channel (iii) [19]. Please see Table 1 which provides
a list of comparative channel nomenclature. It originates in the cleft
formed by D1, D2 and PsbO polypeptides and ends near the w2* bind-
ing site. It is one of the shortest channels, with a length of 24 Å. The
existence of the proton exit or water channel in this part of PSII was
suggested previously [11,19]. It was reported that the calculated
pKas of titratable residues along this channel monotonically increase
from theMn4Ca cluster to the lumenal bulk solvent side. This pKa pat-
tern was suggested to facilitate proton release from OEC [11]. Later,
from the analysis of the crystallographic PSII structure it was conclud-
ed that this channel is blocked for water passage by D1-E65, -P66,
-V67 and D2-E312 [9].
Our results showed that the ﬁrst two segments of this channel (in-
tervals 1 and 2 in Fig. 2) starting from the entrance point near O-D22
and D2-E310 are rather wide and permeation of water through this
segment requires a small activation energy b2 kcal/mol. Our compu-
tations conﬁrmed the existence of a bottleneck for water permeation
in the location described above. This permeation barrier is seen in the
3rd segment of this channel (interval 3 in Fig. 2) and with an activation
energy of 12 kcal/mol it is the highest barrier in channel 1. This area in-
cludes three charged amino acids (D1-E65, ‐R334 and D2-E312) which
may serve as a proton release site.
We found a second constriction site in the 5th segment (interval 5)
of channel 1, near the ﬁrst Cl− binding site (residue 679 in PDB ID:
3ARC). Permeation of water through this site requires an activation en-
ergy of 7 kcal/mol. We observed that water permeability through this
site was controlled by a conformational change of D1-D61. The channel
was blocked when D61 was hydrogen bonded to D2-K317 and open
when D61 was bound to OEC O(4). Previous Monte-Carlo and MD sim-
ulations predicted that Cl− depletion induced the formation of a salt
bridge between the negatively charged carboxylate group of D1-D61and the positively charged side chain of D2-K317 [21]. Our results
show that in addition to inactivation of PSII catalytic activity [21] forma-
tion of this salt bridge blocks water access via channels 1 and 3 (since
channel 3 shares the last segment with channel 1) to the OEC.
3.3.2. Water permeation through channel 2
Channel 2 is shown in Fig. 3 and is known as the “narrow” channel
[9,32], see Table 1. It originates in the cavity formed by PsbO and PsbU
proteins (between PsbU-D96 and PsbO-N155), and leads to the w2*
binding site. Channel 2 has a length of 32.6 Å, 8.6 Å longer than chan-
nel 1.
Permeation of water through the ﬁrst three segments (intervals 1, 2,
3 with total length of 10 Å) of this channel starting from the entrance
point near psbU-D96 and PsbO-N155 is not restricted. As found in chan-
nel 1, we identiﬁed two constriction sites in this channel. The highest
permeation barrier for water was in the 4th segment of channel 2
with an activation energy of 9 kcal/mol (Fig. 3). This ﬁrst bottleneck
in channel 2 was formed by 4 amino acids (D1-N338, D2-N350 and
CP43-P334, -L334). Water encounters a relatively weak second perme-
ation barrier closer to OEC, in segment 8. An activation energy of
5 kcal/mol is required to permeate from OEC O(4) to the dangling
Mn(4) ion. Similar to channel 1, D1–D61 interacts with water passing
through this second bottleneck. Although this channel is longer than
channel 1, its peak activation energy is 2–3 kcal/mol lower.
3.3.3. Water permeation through channel 3
Channel 3 is shown in Fig. 4 and corresponds to the “broad” chan-
nel in [9,32], see Table 1. A representative SMD trajectory of a water
Fig. 3. Top: Snapshot of an MD simulation showing water molecules inside channel 2.
Bottom: Potential of mean force G(r) for water permeating through channel 2. Molec-
ular representations and free energy calculations are as in Fig. 2.
Fig. 4. Top: Snapshot of an MD simulation showing water molecules inside channel 3.
Bottom: Potential of mean force G(r) for water permeating through channel 3. Molec-
ular representations and free energy calculations are as in Fig. 2.
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online, see Video 2 in supplementary materials. It is the longest chan-
nel leading to w2* with an overall length of 43.5 Å. It originates in the
cavity formed by CP47 and PsbO proteins (close to CP47-K423 and
PsbO-E179), and then continues to the OEC along the interface be-
tween D2 and PsbO proteins. Near the OEC this channel joins with
channel 1, and the last interval of this channel is the same as the
last interval of channel 1. Channel 3 has more water permeation bar-
riers than channels 1 and 2. The ﬁrst bottleneck, closest to the surface
of the protein, involves permeation through a pore formed by CP47-
F426, -E364, -S365 and PsbO-P175. The activation energy required
for permeation through this bottleneck is 10 kcal/mol. The second
constriction site lies at the interface between D2 and PsbO subunits
and involves permeation between the protein backbone of D2-T316,
-L319, -L320, PsbO-P159, and -K160. The activation energy required
for permeation through this bottleneck is 12 kcal/mol. The last per-
meation barrier in this channel is the same as in channel 1.3.4. The energetics of water permeation through channels leading to the
w1* binding site at Ca
2+
3.4.1. Water permeation through channel 4
Channel 4 is shown in Fig. 5 and it corresponds to channel (ii) in
[19], see Table 1. This channel is also a part of the “large channel sys-
tem” described in [9,32]. Channel 4 has two branches (4a and 4b)
merging together 13 Å away from the OEC. Branch 4a begins in afairly wide opening between PsbV and CP43. We started MSMD sim-
ulations from the point between CP43-N418, -K79, PsbV-Q34 and
lipid DGD660. Channel 4 continues from here along the interface be-
tween CP43 and PsbV proteins joining D1 closer to OEC. Up to 15 Å
from its starting point the free energy proﬁle for water permeation
through this channel is ﬂat. The ﬁrst barrier has an activation energy
of 5 kcal/mol and involves the backbone of D1-L341 and sidechains of
CP43-V410, -E413, PsbV:K47.
Branch 4b of this channel enters the protein in the cavity between
PsbU, PsbV, D2 and CP47, where the third chloride (residue number
808 in PDB ID: 3ARC) binding site is located. We started MSMD simula-
tions from the point between D2-E343 and this chloride ion. A single
6 kcal/mol barrier in this branch involves PsbV-G132, -G133, -K134,
PsbU C-terminal carboxylic group and D2-R348.
The last and the highest permeation barrier of channel 4 lies in the
common part of channel 4 at the interface between D1, CP43 and
PsbV proteins and involves permeation between CP43-V410, -T412,
and D1-E329, -D342. The activation energy required for permeation
through this bottleneck is 10 kcal/mol.3.4.2. Water permeation through channel 5
Channel 5 corresponds to channel (i) in [19] or the “back” channel
in [9,32], see Table 1. In our simulations the barrier in this channel (in
the hydrophobic area near CP43-F292, -F358, D1-L91) was about
22 kcal/mol rendering the “back channel” virtually impermeable for
water all the way to OEC (data not shown). This ﬁnding conﬁrms
our previous results obtained by streamline tracing [32] where we
observed interruption of water diffusion in the same area. Originally
this channel was suggested to be an oxygen exhaust pathway [19],
while later it was assigned to a water channel [9]. Our current and pre-
vious studies indicate that this channel is impermeable for water, how-
ever, the hydrophobic water block in the middle of this channel may
be permeable to oxygen. This possibility will be investigated in our fu-
ture studies.
Fig. 5. Top: Snapshot of an MD simulation showing water molecules inside 2 branches
of channel 4. Bottom: Potential of mean force G(r) for water permeating through the 2
branches of channel 4. The potential energy minimum near the end of the channel
is due to water interaction with O(1) and Ca2+. Molecular representations and free
energy calculations are as in Fig. 2.
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4.1. The water injection method
In this work we implemented a new approach to the discovery of
water channels in PSII, inwhichwater permeation inmolecular dynam-
ics simulations was accelerated by continuous injection of water mole-
cules near the OEC.
Increasing water content in simulations could potentially induce
structural changes in the PSII protein matrix. To detect such changes
we analyzed the time dependence of the RMSD of residues locatedwithin 4 Å of each of the channels shown in Fig. 1. As expected, we
observed some increase of the RMSD after the onset of water injection.
For most of the channels (1, 2, 4 and 5) only a small increase of RMSD
(0.3–0.7 Å) was observed (Fig. S3). The biggest RMSD change was ob-
served for channel X (~1.2 Å) (Fig. S3). The opening of Channel X
resulted from rotation of two amino acid side chains C:M342 and C:
M356 (see Fig. S4). These bulky side chains block water passage in the
X-ray structure. In contrast, water permeation through channel 5 in
the water injection simulation was accompanied by very small confor-
mational changes, even though our SMD simulations showed a large
activation energy for this channel. In this case, it is likely that the hydro-
phobicity of the constriction site, rather than a requirement for a confor-
mational change, is the main contributor to its low permittivity to
water. Our results have thus shown localized changes in protein struc-
ture involving only the side chains of speciﬁc residues, and no evidence
of large scale structural changes affecting the entire PSII core complex.
4.2. Channel discovery
Our combination of water injection, streamline tracing and con-
sideration of previously identiﬁed channels generated a large number
of potential channels in PSII. After consideration of the energetics of
water movement through all of these channels we conﬁrmed water
permeation through three of the water channels found in earlier stud-
ies, the “narrow” channel, the “large channel system” and the “broad”
channel [9,19,32]. We did not ﬁnd water permeating through the pre-
viously identiﬁed “back” channel, supporting our prior observation of
a break in streamlines in the hydrophobic area of this channel [32]. In
additionwe observedwater permeation through a channel (designated
as channel 1 in thiswork) thatwasnot previously assigned towater, but
had been suggested to be a putative proton exit channel [11].
4.3. Two pathways for the two substrate waters
The theoretical studies of Siegbahn [23,24] locate one substrate
water molecule bound to the dangling Mn(4) and the other substrate
water bound to Mn(1). This model includes a single chain of water
molecules that supplies both substrate locations. In contrast, DFT-QM/
MM structural models of OEC developed by Batista's group [18,27] lo-
cate one substrate water molecule, designated as w1*, bound to Ca2+
and the other one (w2*) bound toMn(4). This study included two chains
of water molecules approaching the Mn4Ca cluster from the lumen
along two pathways, one for each of the substrate waters. It was pro-
posed that the dual-pathway water supply facilitates high turnover
rates [27]. The two pathways, however, were not traced beyond a
10 Å sphere around the OEC because the DFT-QM/MM model did not
include the rest of the protein.
In our simulations with the continuous injection of water mole-
cules near the OEC we found that water injected on one side of the
OEC, near the binding site w1*, did not permeate to the binding site
w2* at the other side of the OEC through the protein. This result was
conﬁrmed by free energy calculations which showed an activation
energy higher than 20 kcal/mol for this process in all possible paths
through the PSII protein. However, there is a possibility that water
could migrate locally from one binding site to the other alongside
the OEC. This could be particularly favorable when one of the water
binding sites is unoccupied. In this case either channel would be capa-
ble of providing water to both binding sites. However, determination
of the activation energy for this process is not possible at present. The
OEC undergoes a complex series of chemical reactions involving se-
quential oxidation of Mn ions, deprotonation of bound water mole-
cules and reorganization of μ-oxo bridges. The detailed mechanisms
of these reactions are still under debate. The local movement of
water from one binding site to the other thus remains an interesting
question.
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Our application of steered molecular dynamics is the ﬁrst investi-
gation of the energetic cost of moving water through putative water
channels within PSII. We used this approach to identify channels
with the lowest energy barriers and the amino acids responsible for
establishing those barriers. To address the physiological relevance of
water permeation through PSII we compare the barriers of PSII chan-
nels with barriers of aquaporins. Aquaporins can permeate ~3·109
water molecules per second [30,35]. Calculations based on MD simu-
lations have shown that water permeation through the water pores of
aquaporins requires crossing energy barriers of ~3 kcal/mol [10]. If we
assume that the permeability is proportional to exp(−ΔG*max/kBT), a
channel with an activation energy of 14 kcal/mol at 300 K would per-
meate ~100 molecules/s, and a channel with an activation energy of
20 kcal/mol would permeate only ~10−3molecules/s, which would
certainly become limiting for water oxidation.
We found that all channels in PSII had an activation energy of at
least 9–10 kcal/mol. For comparison, this barrier is higher than the
~7 kcal/mol barrier of a comparable patch of POPC lipid bilayer [10].
However, the permeability of a channel with an activation energy of
about 10 kcal/mol is still ~5000 molecules/s, more than sufﬁcient to
satisfy the substrate delivery requirement in PSII.
Thus, we found that none of the channels permit unrestricted ac-
cess of water to the OEC, supporting the idea that regulatory mecha-
nisms exist to control water ﬂow and access to the Mn4Ca cluster. In
addition, the branched converging water pathway structure implies
that the most powerful regulation sites would be on the trunks of
channel trees, as found in our study.
One previously suggested regulatory mechanism involved perme-
ation of water through a gap formed by residues D1-Y161, -H190,
-E189, -P186, -Q165 and the Ca2+. It was suggested that transient
changes in the diameter of this opening could serve as a control gate
for regulating the extent of substrate water access to the Mn(4) side
of the Mn4Ca cluster. This control point would allow water that had
entered the protein via the “back” channel to access the “broad” channel
leading to Mn(4) [9]. Our results do not support this proposal because:
(a)we found other channels leading directly toMn(4); and (b) our sim-
ulations indicated that the “back” channel is virtually impermeable
for water.
A recent FTIR study reported that mutation of D1-E65, D2-E312, or
D1-E329 results in disappearance of a negative band at 1747 cm−1
(which was assigned to partial deprotonation of a carboxylate group)
that is often observed in the S2-minus-S1 FTIR difference spectrum
[22]. It was proposed that these amino acids participate in a common
network of hydrogen bonds. These are the closest carboxylate residues
to the Mn4Ca cluster that do not ligate Mn or Ca and all are highly
conserved. Interestingly all of these residues were identiﬁed in our
study as contributing to the major bottlenecks of water permeation
pathways on both sides of the OEC.4.5. Are PSII channels selective?
In contrast to water access, which was shown in our study to be
controlled/restricted to stabilize OEC during its turnover cycle, oxy-
gen exhaust is presumed to be as fast as possible to prevent unwanted
oxidative damage. Previously, channels have often been assumed to
be selective and were tentatively assigned to water, oxygen or protons
based solely on their composition (proportion of hydrophobic/polar
residues along the channel) or width (it has been speculated that the
wide “large” channel system was particularly suitable for fast removal
of oxygen from the vicinity of OEC) [9,19]. Our present work focused
on quantifying the permittivity of water through all possible channels
andmay serve as a benchmark studywhichwill allow for future compar-
ison of the relative permittivity of PSII channels tomolecular oxygen andother compounds relevant to thewater oxidation reaction (e.g. chloride,
calcium, sodium, manganese ions, ammonia, hydroxylamine etc.).
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